This paper presents a review of wireless power transfer (WPT) followed by a comparison between ambient energy sources and an overview of different components of rectennas that are used for RF energy harvesting. Being less costly and environment friendly, rectennas are used to provide potentially inexhaustible energy for powering up low power sensors and portable devices that are installed in inaccessible areas where frequent battery replacement is difficult, if not impossible. The current challenges in rectenna design and a detailed comparison of state-of-the-art rectennas are also presented.
Introduction
The last decade has witnessed an unprecedented development in the field of wireless power transfer (WPT). However, the history of WPT which started with microwave power transmission (MPT) dates back to as far as the nineteenth century [1] . In the1880s, the experiments were carried out by Heinrich Hertz in order to prove the Maxwell's theory [2] . Subsequently, in the 1960s, Brown performed WPT experiments during World War II using high efficiency microwave technologies which were based on radar remote sensing and wireless communications [1] . The first rectenna was developed by R. George in 1963 using an array of 28 half-wave dipole-receiving antennas, each of which was connected to a bridge rectifier made using four 1N82G point-contact semiconductor diodes [3] . This rectenna, operating between 2 and 3 GHz, had an efficiency of 50% and 40% at output powers of 4 W and 7 W DC, respectively. The DC outputs very low due to the low power handling capability of the diodes, rendering this rectenna unsuitable for an ambitious target of powering up a helicopter rotor. Due to the low efficiency of the developed rectenna and the problem of most of the power being reflected at the antennadiode interface, an impedance-matching network consisting of a plane array of rods was employed for improving the efficiency. More specifically, using 4480 1N82G diodes and the matching network, a much higher output power of 270 W was harvested which was apt for powering the helicopter rotor. Subsequently, on July1, 1964, a successful microwave-powered helicopter flight was made using the developed rectenna [3] .
Nowadays, several renewable energy resources are being utilized to obtain the holy grail of never-ending green energy supply. For example, RF energy, solar energy, thermal energy, and wind energy sources are available to serve different purposes based on diverse requirements. Table 1 compares these energy resources using parameters such as power density, output voltage, availability, weight parameters, and the advantages and disadvantages of the solar, thermal, and ambient RF energy and piezoelectric energy sources [4] . The least power density of the ambient RF waves is due to its dissipation as heat and absorption by materials in the environment. Solar energy is only available during the daytime while thermal and RF energy are continuously available. The maximum output voltage is produced from piezoelectric energy harvesting that relies on vibrations (i.e., mechanical movement) generated through activity which are then converted to corresponding electrical energy. Solar, thermal, and piezoelectric energy require large area for energy harvesting while RF energy harvesting depends on distance and the available RF sources in the environment. It is to be noted that, in comparison to others, technologies for harvesting thermal and ambient RF energy are lagging behind.
The RF energy harvesting is a "Green" self-sustainable operation which can potentially provide unlimited energy supply that can be used to remotely power up low power devices [5] . In particular, it helps to eliminate the need for a battery, which not only increases the cost, weight, and size of the device but the battery replacement is also costly and time-consuming especially when a lot of devices are spread over wide or inaccessible areas. Furthermore, it improves the reliability, portability, and user and environment friendliness and reduces the size and cost of the device. In addition, the finite lifetime of the electrical batteries is encouraging the researchers to explore further solutions in the field of RF energy harvesting, as acknowledged by Nikola Tesla, who described the freedom to transfer energy between two points without the need for a physical connection to a power source as an "all-surpassing importance to man" [6] .
There are two main types of WPT mechanisms, namely, near-field and far-field systems. The former comprises the electromagnetic induction or magnetic resonance for wireless power transmission while the far-field WPT system uses antennas and rectifier circuitry for harnessing RF energy. Table 2 shows a comparison between the two mechanisms. Since the electromagnetic energy decays at the rate of 60 dB/decade in near-field region, therefore, the near-field systems are only suitable for indoor and short range (few centimetres) power transfer [4] . The electromagnetic induction can be used in various applications, for instance, in recharging the internal battery of the consumer electronics (electric toothbrush, wearables, and smart phones) while the magnetic resonant coupling between the two coils is used when the transmitter and the receiver are typically large. Energy obtained using high frequency (i.e., >1 GHz) RF waves is used to provide power to ultrahigh frequency (UHF) RFID and Zigbee devices in the range of 10 m [7] . However, it has a limitation on the power levels due to health and safety regulations (i.e., Radiocommunications (Electromagnetic Radiation-Human Exposure) Standard 2014) since the field strength of these waves can cause damage to human beings and other living creatures.
Few examples of wireless energy transfer applications are shown in Figure 1 . A comparison of WPT techniques in terms of transmitted power and transmission range is elaborated in Figure 2 . For home and office applications, the magnetic resonance and electromagnetic induction are preferred due to medium power transmission. The efficiency for RF power transfer is the least as compared to the electromagnetic induction and magnetic resonance and hence offers a number of research challenges [8] .
Among the abovementioned WPT techniques, this review paper focuses on RF energy harvesting. The paper is organized as follows. Section 2 discusses the mechanism 
Rectenna for RF Energy Harvesting
Ambient electromagnetic energy is present in abundance in the environment due to the increased usage of wireless technologies including WiMax, WLAN (2.4 GHz and 5.8 GHz), RFID (2.45 GHz, 5.8 GHz, and 24.125 GHz) cellular phones, 3G, 4G, Digital TV (DTV), GSM, radio, and microwave oven. The power levels of the common ambient RF sources are FM radio systems (transmitted power-few tens of kW), cell tower transmission (10 to 20 W per carrier), TV transmission (transmitted power-few tens of kW), Wi-Fi (2.45 GHz and 5.8 GHz), AM transmission (540-1600 kHz, transmitted power-few hundreds of kW), and mobile phones (transmitted power-1 to 2 W) [9] . The different RF energy sources can be categorized into three groups, namely, intentional sources, anticipated ambient sources, and unknown ambient sources. RF energy harvesting or RF energy scavenging can be used to directly power up battery-less systems and for battery activation. It can also be used for remote battery recharging, for instance, of a mobile phone, for powering up wireless sensor networks (WSN) and for waking up sensors in sleep mode [5] . This can be done by converting the EM waves in the ambience to a useable DC voltage with the help of a rectifying antenna called rectenna (i.e., antenna + rectifier).
The basic block diagram of a rectenna is shown in Figure 3 . It comprises of a single or a combination of antennas, a bandpass or tunable filter (BPF), a broadband or multiband impedance matching network, a rectifier, and a low-pass filter that delivers the output to the load. The antenna is used for receiving the RF waves. The impedancematching network is used to match the impedance of the antenna to the rectifying circuit for the maximum power transfer of RF energy to the rectifier. In addition, a matching network is used between the rectifier and the load to avoid impedance mismatches which can limit the maximum power available at the load. The rectifier converts the alternating voltage generated by the incident RF waves at the receiving antenna terminals to a DC voltage. A low-pass filter is used for obtaining ripple-free DC voltage across the connected load. In the following sections, these different components of the rectenna system will be discussed.
Receiving Antenna.
The antenna is an integral part of the rectenna that should poses several requirements for harnessing the ubiquitous RF energy and converting it into a useful output DC voltage. Circularly polarized antennas are preferred in rectenna designs as they can receive both linearly and circularly polarized RF signals without any polarization loss. In contrast, linearly polarized antennas receive only half of the power of the circularly polarized wave and also suffer from polarization loss factor in capturing linearly polarized waves. This eventually results in the degradation of the overall efficiency of the rectenna. Furthermore, the antenna should be broadband so that it can receive all the ambient RF energy present in multiple frequency sources present in the surroundings. This is due to the fact that the power levels of the ambient signals are already in microwatts and more energy harvesting is required in order to get a sufficient output voltage for powering up ultralow power wireless sensor nodes. The antenna should also be miniaturized 3 International Journal of Antennas and Propagation and compact so that it can be used in portable and wireless charging applications.
In order to achieve more received power and an improved efficiency of the rectifier, both transmitting and receiving antennas should have high gain. One of the methods to increase the gain of the antenna is by making an antenna array. The array increases the RF power available at the rectifier input, but it also results in the increase of antenna size rendering it unsuitable for portable applications. Similarly, if the antenna is omnidirectional, then it can receive radiations from all the directions; however, its gain will be lower. These are some of the common trade-offs faced by researchers to achieve antennas that exhibit high efficiencies and output voltage, the ultimate goal of RF energy harvesting.
Several antenna types such as microstrip antenna, dipole, monopole, and Yagi-Uda antenna are used as the receiving antenna for RF energy harvesting. Most of the antenna designs found in literature are microstrip based owing to their low profile, compactness, light weight, high efficiency, low cost, easy fabrication, and conformity to planar and nonplanar surfaces. The most commonly used microstrip antennas are square, rectangular, and circular patch antennas mainly due to their low cross-polarization levels [5] .
2.2. Matching Network. Impedance-matching network is an integral requirement in a rectenna design and was found between the antenna and the rectifier. The RF-DC conversion efficiency of rectenna greatly depends on its impedance-matching network. The design of matching network is challenging and requires several considerations. This is due to the fact that the input impedance values of rectifier circuit as well as antenna change with frequency. Further complexity is added due to the power-dependent behaviour of rectifier's input impedance; therefore, a broadband or multiband impedance-matching network needs to be designed for impedance matching over a wide range of frequencies and input power level.
The matching networks for the rectenna can be implemented using lumped elements or distributed microstrip lines. Each method of implementation has its own tradeoffs. The quality factor Q of the lumped element-based matching circuit is lower as compared to the distributed line network, thus offering wider bandwidths. However, at frequencies higher than 1 GHz, the lumped components are not suitable due to the parasitic effects associated with them. Thus, microstrip line-based matching circuits are used at higher frequencies. The matching network is designed in such a way that the input impedance of the antenna is the complex conjugate of the input impedance of the rectifier circuit at a specified input power level.
A number of matching networks have appeared in literature for rectenna circuits. In [10] , a dual-band bandpass impedance-matching network is proposed which is suitable for a load range of 1 kΩ to 10 kΩ. As shown in Figure 4 , the proposed matching network is a sixth-order lumped element-matching network. The 4th order LC bandpass-matching topology is used for matching at the first frequency while the 2nd order modified L-network is used for impedance matching at the second frequency. An additional microstrip transmission line and a shunt radial stub are inserted between the inductors L3 and L4. The function of this additional section is to maintain the performance of the rectifier over a wide range of load values.
In [11] , a broadband impedance matching is presented ( Figure 5 ). The upper branch consists of a radial stub, a shorted stub, and a 6 nH chip inductor for impedance matching to 1.8 GHz and 2.5 GHz. The lower branch consists of a 
Rectifier.
Rectifier, also called a charge pump, has three basic types: (i) basic rectifier, (ii) voltage doubler, and (iii) voltage multiplier. For rectenna application, a rectifier should have high RF to DC conversion efficiency. Typically implemented through one or more diodes, the choice of diode is of prime importance as it can be a major source of loss and its performance determines overall efficiency of the system. The power conversion efficiency of the rectifier mainly depends on the following: (i) series resistance of the diode (R s ), which determines the efficiency of the rectifier; (ii) zero-bias junction capacitance (C j0 ) which affects the oscillation of harmonic currents through the diode; (iii) diode breakdown voltage, (V br ), which limits the power-handling capability of the diode; (iv) switching speed of the diode which should be fast so that it can follow a high frequency signal; (v) and low threshold voltage so that it can operate at low RF input power [12] . The maximum operating frequency of the diode is limited by the junction capacitance (C j ). The substrate and transmission line losses also contribute to the overall reduction of the efficiency of the energyharvesting devices which depends on the type of substrate chosen and the length of the transmission line [6] . It is well known that diode produces harmonics and intermodulation products due to its nonlinear characteristics. Therefore, it reduces the energy that is to be converted to DC, thus reducing efficiency. The increased incident power results in increased losses due to the harmonics; thus, there is a trade-off between the harmonic generation, parasitic effects, reverse breakdown voltage, and the threshold voltage as shown in Figure 6 [6] .
There are a number of commercially available diodes suitable for RF energy-harvesting applications keeping in view the low threshold voltage, low series resistance and Figure 5 : Topology of the proposed rectifier with a two-branch impedance-matching network. The parameters are in unit: mm [11] . 5 International Journal of Antennas and Propagation junction capacitance, and high breakdown voltage. For instance, zero-bias Schottky diode HSMS2850 (by Agilent) has a low power-handling capability but also low threshold voltage of 150 mV, a low junction capacitance of 0.18 pF, and a breakdown voltage of 3.8 V for handling low powers. HSMS2860 has a higher power-handling capability, a threshold voltage of 350 mV, breakdown voltage of 7 V, and a series resistance of 6 Ω. HSMS2820 diodes are used with threshold voltages of 15 V and 6 Ω series resistance. HSMS8101 diode is also used which has a high power-handling capability but also low threshold voltage of 250 mV, a low junction capacitance of 0.26 pF, a series resistance of 6 Ω, and a breakdown voltage of around 7 V for handling low power. Therefore, HSMS8101 is preferred over HSMS2860 due to its lower threshold voltage and nearly same power-handling capability but for an input frequency range that is much higher than HSMS2860.
Skyworks diodes SMS7630-061, SMS7621-079F, and SMS7630-079LF have also been used in some of the published works. Among these, SMS7630-061 has a low powerhandling capability, low threshold voltage of 180 mV, a low junction capacitance of 0.14 pF, a series resistance of 20 Ω, and a breakdown voltage of around 2 V. SMS7621-079F, on the other hand, has low power-handling capability but a slightly higher threshold voltage of 260 mV as compared to SMS7630-061, a low junction capacitance of 0.1 pF, a series resistance of 12 Ω, and a breakdown voltage of around 3 V. Lastly, SMS7630-079LF has a lower breakdown voltage as compared to the former two diodes while having a breakdown voltage of 2 V, a junction capacitance of 0.14 pF, and a high series resistance of 20 Ω.
For applications that require low power handling, a diode with minimum threshold voltage is preferred while a higher breakdown voltage diode is preferred for high power applications while the parameter junction capacitance and series resistance of the diode are of secondary importance. Table 3 lists some of the state-of-the-art rectifiers used in rectennas. They have been mostly designed at 900 MHz, 950 MHz, 915 MHz, 2.1 GHz, and 2.45 GHz ISM frequencies. The ambient RF signal power levels reaching the rectifier input are around −15 dBm, and it can be observed in Table 2 that the power levels of interest are in the range of −40 to 0 dBm where the performance of the rectifier is observed. In [13, 14] , the rectifier circuit is implemented using CMOS transistors while the rest of the designs are implemented using silicon-based Schottky diodes. The maximum achieved efficiency is 78% for an input power of 23 dBm which is only possible when a dedicated source instead of an ambient source is used as the transmitter. Most of the rectifiers use HSMS28xx series diodes due to their better features as discussed earlier. In most cases, the diodes are used in voltage doubler configuration in order to increase the output voltage and power, resulting in an increased RF-DC conversion efficiency. CMOS 0.15 μm and 0.18 μm process transistors have also been used in rectifiers with a reported efficiency of 67.5% for −12.5 dBm input power with 1.8 V at the output of the rectifier. (Figure 7 ).
Low-Pass
Filter. A standard low-pass filter is typically utilized that consists of a capacitor connected in parallel with the load after the rectifier circuit. It is used to filter out the higher order harmonics from the DC component that is provided to the load
Harmonic Suppression Networks.
The suppression for the second and third order harmonics generated by the nonlinear diode in the rectifier is required to increase the overall efficiency of the rectifier. A low-pass filter at the input and output side can also be used for this purpose, but its design is complex due to the arbitrary terminated impedance. A matching network can also be designed for the fundamental frequency; however, this may add to the insertion loss and complexity of the overall device but also increases the size and cost of the rectenna. In order to suppress the second and third order harmonics, terminating networks are connected at the input and output of the rectifier. These terminating networks also serve as a matching circuit for the fundamental frequency. Figure 8(a) shows an example output-terminating network that behaves as an open circuit at the fundamental (f 0 ), second (2f 0 ), and third harmonic (3f 0 ) frequencies, thus reflecting all the harmonics and passing only the DC component to the load [18] .
The electrical lengths of TL1 transmission line and TL2 are quarter wavelengths (λ/4) at f 0 . From Figure 8(b) , node A is short circuited for frequencies f 0 and 3f 0 . At the output of the diode, the short-circuit node A will be transformed to open circuit which suppresses f 0 and 3f 0 components. Similarly, for 2f 0, line TL2 will be open at node A. For 2f 0 , point B will be short circuited if TL4 is λ/4 long. The combined length of TL1 and TL3 is 3λ/4 at 2f 0 when the length of TL3 is also λ/4 at 2f 0 (Figure 8(c) ). At the diode's output, the node B becomes open, thus suppressing the second order harmonic [18] .
Similarly, an example input termination network for the rectenna is shown in Figure 9 (a). This network only allows f 0 to pass to the antenna and blocks the harmonics 2f 0 and 3f 0 . The electrical lengths of transmission line TL6 is λ/4 at f 0 . From Figure 9 (b), there is a short circuit at node C for frequencies 2f 0 [18] . The short-circuited node C will become open circuited at the input port of the diode for TL5 λ/8 at f 0 . For λ/4 length of TL8 at 3f 0 , node D is short circuited (Figure 9(c) ) while making the rest of the circuit ineffective at this frequency. For a combined 3λ/4 length of TL5 and Figure 6 : Relationship between efficiency, input power, and the losses in rectifier circuits [6] . 6 International Journal of Antennas and Propagation TL7 at 3f 0 , the short condition at node D is transformed to open at the input of the diode. By setting the characteristic impedance of the lines TL5 and TL7 (Figure 9(d) ), the impedance matching for the fundamental frequency can be implemented. The total length of TL5 and TL7 is λ/4 at f 0, so the diode impedance can be transformed to 50 Ω using a quarter wave transformer and a TL8 λ/4 line to cancel the reactive part of the transformed impedance [18] . A different approach is adopted in [19] , in which a ring antenna is used with inherent second harmonic rejection property. Similarly, in [20] , a combination of an interdigitated capacitor and a chip capacitor not only performs impedance matching but also prevents higher order harmonics from reaching the antenna. As a result, the higher order harmonics return to the diode producing more DC power. Furthermore, the antenna performs a second order harmonic rejection and a radial stub is inserted between the antenna and rectifier for a third harmonic rejection. This eliminates the requirement of LPF thus resulting in a compact rectenna having reduced insertion loss at fundamental frequency. In [21, 22] , a bandpass filter matches the impedance of the antenna to the impedance of the rectifier thus suppressing the reradiation of harmonics in free space. In addition, two cross-slots [22] and four right angle slits [23] are used to achieve harmonic rejection. In [24] , the antenna is only matched at the fundamental frequency and intentionally mismatched at the harmonic frequencies eliminating the requirement of a separate filter, thus resulting in a compact size. In [25] , a double layer structure and an aperture-coupled fed antenna is used for harmonic suppression. For 5.8 GHz and 11.6 GHz, the simulated reflection coefficients are 40.2 dB and 0.13 dB, respectively. The DC filter at the output consists of three fan stubs having difference in their radius to stop the fundamental, second, and third order harmonics from reaching the load. Simulation results have shown that fan-shaped stub DC filter has more bandwidth as compared to the one having rectangular stub. In [11] , an H-shaped slot filter on the ground plane and a flower-shaped slot filter on the antenna patch are used to suppress the second and third order harmonics generated by the diode (Figure 10) . Figure 11 shows a defected ground structure (DGS) in which a dumbbell-shaped slot on a rectangular patch antenna is present on the ground plane of the antenna. It suppresses the second and third harmonics which are at 4.9 GHz and 7.35 GHz, respectively [26] .
DC-DC Boost Converter. A number of published papers have reported the use of a DC-DC converter in a rectenna.
Since the DC-DC converter typically requires external DC power and also incurs some losses, it decreases the efficiency of the entire rectenna system. To overcome this issue, the use of boost converter between the rectifier and the storage element is proposed in some works. For instance, in [27] , a switched capacitor DC-DC converter with three stages is used as reproduced in Figure 12 . The converter chip was implemented using the IBM 8RF 0.13 μm CMOS process. The maximum output voltage is seven times the input voltage through the external capacitors.
In Figure 12 , the top switches are made using nMOS transistors while the middle and the bottom switches are made by combining nMOS and pMOS transistors. This helps the accumulated charge on each capacitor to be transferred to the next stage with minimum loss. The capacitor arrays will charge the battery connected to the output of the DC-DC converter. This battery offers the highest specific charge storage capacity compared to any of the commercially available thin-film cell (>20 mAh·cm −2 ). The commercially available secondary power cells require high recharge voltage, for example, lithium battery requires >3 V to recharge, while the cell that has been laboratory prepared in this paper requires only 1.2 V (open-circuit voltage of the battery after being fully charged) [27] .
In [28] , BQ25504 ultralow power boost converter with battery management is used to charge a capacitor which is used as a storage element. This boost converter is programmed for continuous charging of the storage capacitor. Similarly, in [29] , a DC-DC boost converter design is proposed and connected as a load for the rectenna circuit. For a maximum power transfer from the rectenna to the boost converter with a high efficiency, it is ensured that the input 7 International Journal of Antennas and Propagation impedance of the boost converter emulates to the optimum load of the rectenna circuit as shown in Figure 13 .
The power loss in the LTC1540 comparator oscillator circuit reduces the overall efficiency of the boost converter. This loss is the difference in the DC power measured at pin 7 (supply) to pin 8 (output). If the oscillator output is low (quiescent period), then the power loss is minimum and can be ignored; while for high oscillator output (active state), the power consumed by the oscillator is equal to the available 8 International Journal of Antennas and Propagation DC power at the boost converter output. Due to the large variations in the ambient RF input power, the maximum RF energy harvesting becomes a major challenge which can be addressed using a power management circuit which will deliver constant power to the load irrespective of the variations in the power levels at the input of the rectifier. On the same lines, in [30] , a power management module is used comprising S882Z and AS1310 modules for boosting and regulating the output voltage as shown in Figure 14 . The AS1310 is a hysteric step-up DC-DC converter from Austria Microsystems having ultralow quiescent current (<1 mA) so it can operate at a low DC voltage of 0.7 V, while S882Z from Seiko Instruments is an efficient charge pump IC for enhancing the step-up DC-DC converter performance. When a voltage of 0.3 V or higher is harvested, the oscillation circuit inside S882 starts itself and creates a clock signal. This CLK signal drives the charge pump circuit which steps up the harvested voltage and stores it in the low leakage CCPOUT capacitor. When the voltage on CCPOUT reaches a certain prespecified level, the power begins to flow to AS1310 which is then converted into a usable output DC voltage for powering up low power sensor. The different parts of the rectenna, receiving antenna, impedance matching network, rectifier, low-pass filter, and DC-DC boost converter, are strongly interlinked, and a codesign approach is required to simulate and subsequently implement the whole system. The power received by the receiving antenna is passed on to the rectifier through an impedance-matching network so that the maximum power is transferred from the antenna to the rectifier. After the rectifier, a clean DC voltage is obtained through a low-pass filter and in some cases boosted up through a DC-DC converter for supporting meaningful applications. Therefore, all subparts of the system have their important role and a codesign approach can help in obtaining an overall efficient system.
Challenges for Ambient RF Energy Harvesting
Harvesting from ambient RF energy involves conflicting requirements and trade-offs between available power, range, frequency of operation, and gains of the transmitting and receiving antennas. In a typical far-field energy harvesting system in the well-known GSM and Wi-Fi frequency bands, the received RF power is very low since there is an inverse relation between the distance from the transmitter and the received power across the antenna terminals. Another major challenge in rectenna systems is the design of a robust matching network. Since the impedance of the diode varies with frequency and input power levels, it is desired that the impedance-matching network should be broadband so that the frequency response remains flat for a wide range of frequencies. Furthermore, the rectifier should 9 International Journal of Antennas and Propagation have minimal losses and high conversion efficiency which requires challenging diode specifications of zero threshold voltage, high breakdown voltage, low series resistance, and junction capacitance [6] .
To ascertain the abovementioned challenges, Table 4 shows, as an example, the input RF power densities for DTV, GSM900, GSM1800, 3G, and Wi-Fi bands outside the Northfields London underground station. Initially, the electric field strength measurements were recorded between 0.3 and 2.5 GHz using an Agilent N9912A FieldFox RF analyzer with a calibrated Aaronia BicoLOG 20300 omnidirectional antenna. The input RF power density (nW/cm 2 ) for a complete band is calculated by summing up the spectral peaks across the entire band. From the table, it can be seen that GSM1800 base station transmit band has the highest power density followed by GSM900 base station transmit band and 3G base transmit band, while the power density is minimum for DTV, GSM900, GSM1800, and 3G mobile transmit band. These power densities provide a starting point to the designer to identify suitable rectifier diodes [28] .
State-of-the-Art Rectennas
A large body of published works on rectennas is present in literature. Table 5 summarizes the state-of-the-art designs comparing their frequency of operation, antenna type, antenna gain, rectifier topology, efficiency, and other important characteristics. It is noted that most of the designs focus on ISM bands of 2.45 and 5.8 GHz because of ample ambient energy available due to the wide use of Wi-Fi networks. Some rectenna designs have been made for the GSM900 and GSM1800 bands. These designs are more relevant to outdoor applications. Apart from these frequencies, a few rectennas have also been reported at 35 and 94 GHz [21] .
The receiving antennas can be broadly categorized as omnidirectional and high-gain antennas which include dipole, folded dipole, monopole, ring antenna, Yagi-Uda, microstrip patch antenna, spiral antenna, SIW-backed cavity antenna, loop antenna, slot antenna, and PIFA antenna. These basic antenna structures have also been modified to obtain a wider bandwidth, higher gain, stable directional radiation pattern, antenna frequency configurability, and antenna miniaturization. The modified structures include tapered slot antenna, aperture-coupled patch antenna, miniaturized 2nd iteration Koch fractal microstrip patch antenna, circular patch antenna, hybrid Koch meander monopole, and E-shaped patch antenna. Furthermore, most of the antenna designs are either dual or circularly polarized with a very few linearly polarized as the latter causes polarization loss resulting in the deterioration of RF-DC conversion efficiency.
Among the designs listed in Table 5 , the rectenna presented in [10] covers the most number of bands including 0.55, 0.75, 0.9, 1.85, 2.15, and 2.45 GHz with an efficiency of 67% at −5 dBm input power level to the rectifier. In [10] , a bow tie-shaped planar cross-dipole omnidirectional antenna is proposed which is used due to its wide bandwidth of 400 MHz, bidirectional radiation pattern, and dual linear polarization characteristics. In order to further increase its bandwidth, the proposed design is converted to a frequency-independent log periodic cross-dipole antenna. However, it is designed neither for varying input power levels nor for varying frequencies and output loads which are the important parameters for maximizing RF-DC conversion efficiency. In order to harvest energy from a wide electromagnetic spectrum, many published works have employed modifications to standard antenna types to achieve desired performance. For instance, in [32] , the high-gain antenna design is based on integration of a Yagi-Uda antenna with a wide-band dipole antenna. The antenna consists of a reflector and a single director placed nearby the driven dipole and provides the flexibility of acting as a broadband, dual- band, or multiband antenna by easily tuning the antenna due to which it is being used in the design of a rectenna. Similarly, in [49] , SIW cavity technique is used to achieve a gain boost of 2.3 dBc as well as improving the 3 dB axial ratio bandwidth three times compared to a standard CP array with no cavitybacking. Furthermore, CPW transmission lines are used owing to their several advantages like low radiation loss, high circuit density, low dispersion, and easy integration to with active and passive elements. In general, the antennas that employ the CPW slot are wideband and are easy to match to the rectifier impedance. As a conclusion from Table 5 , it is observed that patch antennas are the most suitable option for RF energy harvesting due to their light weight, low cost, and the advantage of being conformal with planar and nonplanar structures. On the other hand, monopole and dipole antennas have also been used but have low gain with an omnidirectional radiation pattern whereas slot antennas have smaller size and higher bandwidth as compared to conventional patch antennas. Yagi-Uda antennas have high gain and a directional radiation pattern albeit with large size whereas spiral/ring antennas have also been used due to their large bandwidth and good radiation characteristics.
Mostly, the diodes in a voltage doubler configuration are used in order to boost the output voltage for meaningful applications such as powering wireless sensor nodes. Some of the common diode models include MA4E1317, SMS760, and HSMS28xx which are predominantly GaAs-based Schottky diodes.
Conclusions
The appeal of harnessing energy out of thin air is attractive enough to garner interest from researchers despite the obvious challenges of low power levels, low RF-DC conversion efficiency, and broadband matching. In the era of Internet of Things where low power sensors are expected to be ubiquitous and aptly dubbed as "smart dust," RF energy harvesting provides a potentially low cost and long lasting alternative to batteries, especially for applications for remote and/or inaccessible areas. Efficient multiband/broadband antennas, rectifiers tolerant to input power and frequency variations, and multiband/broadband-matching networks are few of the ongoing areas of focus, overcoming which tangible use of RF energy harvesting for real-life applications will be possible in the near future.
